Neural circuits in the dentate gyrus are continuously modified by adult neurogenesis, whose level is affected by the animal's experience. However, it is not known whether this experience-dependent anatomical modification alters the functional properties of the dentate gyrus. Here, using the expression of immediate early gene products, c-fos and Zif268, as indicators of recently activated neurons, we show that previous exposure to an enriched environment increases the total number of new neurons and the number of new neurons responding to reexposure to the same environment. The increase in the density of activated new neurons occurred specifically in response to exposure to the same environment but not to a different experience. Furthermore, we found that these experience-specific modifications are affected exclusively by previous exposure around the second week after neuronal birth but not later than 3 weeks. Thus, the animal's experience within a critical period during an immature stage of new neurons determines the survival and population response of the new neurons and may affect later neural representation of the experience in the dentate gyrus. This experience-specific functional modification through adult neurogenesis could be a mechanism by which new neurons exert a long-term influence on the function of the dentate gyrus related to learning and memory.
Introduction
In contrast to the long-held dogma that neurogenesis is restricted to the developing brain in mammals, it is now accepted that new neurons continue to be added in specific regions of the adult brain, including the dentate gyrus, a subregion of the hippocampus that is crucial in cognitive functions such as learning and memory (Gage, 2000; Gould and Gross, 2002) . Large numbers of new granule cells, the principal neuronal type in the dentate gyrus, are produced from dividing cells localized in the subgranular zone. Although many newborn neurons die before they mature, the surviving neurons are functionally integrated into existing neural circuits within 1 month (van Praag et al., 2002; Jessberger and Kempermann, 2003) . Accumulating evidence has suggested that these new neurons in the adult dentate gyrus play an important role in learning and memory (Shors et al., 2001 (Shors et al., , 2002 BruelJungerman et al., 2005; Snyder et al., 2005; Winocur et al., 2006) .
It has been suggested that the survival of newborn neurons is regulated by animals' experiences. At 4 weeks after 5-bromo-2Ј-deoxyuridine (BrdU) injections, higher numbers of new neurons were found in mice with extensive exposure to an enriched environment (Kempermann et al., 1997) , in which environmental complexity presumably provides a larger number of learning opportunities than is provided in standard housing conditions (van Praag et al., 2000) . Subsequent studies examining whether learning affects the survival of new neurons reached opposite conclusions (Gould et al., 1999; van Praag et al., 1999) . Because the new neurons were labeled at the different timings relative to learning tasks in these studies, the existence of a critical period (Hensch, 2005) for experience-dependent regulation of new neuron survival was postulated (Greenough et al., 1999) . In this study, we examine whether a critical period for experience-dependent regulation of new neuron survival exists and, if so, when.
The addition of new neurons leads to the formation of new circuits. Therefore, experience-dependent changes in new neuron survival indicate that the neural circuits in the dentate gyrus are anatomically modified by experience through adult neurogenesis. However, it is not known whether this anatomical modification results in the functional alteration of the dentate gyrus. For example, if the total number of activated neurons (including new and preexisting) was altered because the number of activated new neurons had changed, that would mean that the dentate gyrus was functionally modified by adult neurogenesis. Con-versely, if the number of activated new neurons was not affected, the dentate gyrus might not be functionally altered, despite extensive anatomical modification. Therefore, as the second major issue, we address whether previous exposure to an enriched environment affects the number of new neurons activated by certain later experiences. We examined the expression of immediate early genes, c-fos and Zif268 (Hunt et al., 1987; Saffen et al., 1988; Worley et al., 1993) , to determine the activation of new neurons. The expression of these immediate early genes is dependent on synaptic activity (Cole et al., 1989) , is required for synaptic plasticity and memory formation (Jones et al., 2001; Fleischmann et al., 2003) , is often used as a marker of neuronal activity (Guzowski et al., 2001) , and has been used to study new neurons in the adult dentate gyrus .
Materials and Methods
Subjects and housing conditions. Eight-week-old mice (C57BL/6) were injected with BrdU (50 mg/kg body weight) every 12 h over 4 d (eight injections) to label newborn neurons. For all of the experiments, 10 mice were housed together in enriched cages, which were large cages with four tunnels, three shelters, and one running wheel (Fig. 1a) . When not housed in the enriched cages, they were housed in standard cages with five mice per cage. Immediately before being perfused, some mice were exposed to the enriched cages in group. After 2.5 h, mice were deeply anesthetized with ketamine/xylazine solution and intracardially perfused with 0.9% NaCl and then 4% paraformaldehyde in phosphate buffer. The perfusion procedure took ϳ10 min for each mouse, so the exposure time to the enriched cages varied among the mice from 2.5 to 4 h. However, the variability of exposure time was consistent between different groups, and no systematic difference was found with different exposure time.
Water maze. At 6 weeks after the BrdU injections described above, two groups [CW (control) and EW (enriched)] (see Results) of 10 mice were trained in a hidden-platform version of the Morris water maze. The platform was hidden 0.7 cm below the water surface. Groups of four mice at a time were transferred to the water maze room. A training trial started when each mouse was introduced into a pool (110 cm in diameter) and ended when the mouse mounted the platform. The mouse was left on the platform for 30 s and then transferred back to its home cage. If the mouse did not find the platform by 40 s, it was moved to the platform by an experimenter and left there for 30 s. Single trials for four mice were performed sequentially and then repeated eight times. Eight trials of four mice took ϳ40 min. Ninety minutes after the end of the last trials, the mice were perfused as described above. Trials were recorded and analyzed by the Ethovision tracking system (Noldus Information Technology, Wageningen, The Netherlands).
Histology. The brains were removed from the skulls and postfixed with 4% paraformaldehyde overnight, incubated with 30% sucrose solution in PBS at 4°C for 2 d, and cut into 40 m coronal sections with a microtome. Sections from every 240 m spanning the whole hippocampus (six to eight sections) (Fig. 1b , #1-#8 from anterior to posterior) were selected and pretreated for BrdU immunostaining with 50% formamide at 65°C for 2 h and with 2N HCl at 37°C for 30 min. Sections were then incubated with primary antibody for 2-3 d at 4°C and then with secondary antibody for 4 h at room temperature. The primary antibodies used were rabbit anti-c-fos or anti-Zif268 (1:400 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), rat anti-BrdU (1:400; Accurate Chemical and Scientific, Westbury, NY), and mouse anti-neuronal-specific nuclear protein (NeuN) antibody (1:400; clone A60 provided by Dr. R. Mullen, Salt Lake City, UT). The secondary antibodies used were Cy3-conjugated anti-rabbit-IgG, FITC-conjugated anti-rat IgG, and Cy5 or Cy3-conjugated anti-mouseIgG antibody (1:250; Jackson ImmunoResearch, West Grove, PA). Immunostained sections were mounted on glass slides with anti-fading mounting media.
Microscopy and image analysis. We counted the number of BrdUpositive (BrdU ϩ ) cells in the granule cell layer from all sections (sections 1-8) using a conventional epifluorescence microscope with 40ϫ oilimmersion lens. To quantify the number of BrdU ϩ cells that coexpressed NeuN, c-fos, or Zif268 immunoreactivity, we used a confocal microscope (Radiance 2100; Bio-Rad, Hercules, CA pletely if the signals are from different nuclei, which have considerable space between them. Therefore, we also carefully checked the shapes of potentially colocalized signals. If there was any uncertainty (i.e., signals are colocalized partially, but the shapes of signals did not completely match between different antibodies), colocalization was examined particularly carefully by taking images from one or two additional focal planes. When colocalization was still difficult to determine, z-series were taken. This situation was particularly the case when BrdU signals covered only a small portion of the nucleus, although we used image acquisition setting to visualize weak signals well so that many BrdU ϩ signals covered the whole nuclei. Because of differences in sensitivity, we generally found higher numbers of BrdU ϩ cells with the confocal microscope than with the epifluorescence microscope. To measure the volume of the granule cell layer, images of the NeuNimmunoreactive region in the dentate gyrus were acquired with the epifluorescence microscope. The area of the NeuN ϩ region was measured using Image J Software (NIH) and multiplied by the thickness of sections (40 m) to calculate the volume of the granule cell layer in each section. The density of cells in the dentate gyrus was calculated as the number of cells divided by the volume of the granule cell layer. To measure the proportion of c-fos ϩ or Zif268 ϩ in NeuN ϩ cells, we acquired single confocal images from two to four randomly selected areas from both the suprapyramidal and infrapyramidal blades of all sections (sections 1-8). Colocalization was determined from these images. To calculate an average value of percentage of c-fos ϩ or Zif268 ϩ cells, we used a weighted average with the average volume in each anteroposterior axis (Fig. 1b , #1-#8) as a weight.
Results

The effects of an enriched environment on adult new neurons are restricted to an immature stage of the new neurons
In the first experiment, we examined the effects of an enriched environment at different times after BrdU injections. Mice were randomly divided into five groups: a control group and groups 1-4 (10 mice each). The mice were injected with BrdU over 4 d (eight injections) to label newborn neurons. Ten mice each from groups 1-4 were housed together in enriched cages for 1 week during the first, second, third, or fourth week after the last day of BrdU injections, respectively (Fig. 2a) . The control group was always kept in standard cages. Six weeks after the last day of BrdU injections, nine mice from each group were reexposed to the enriched cages, in exactly the same configuration as the first exposure, for 2.5-4 h until the animals were perfused (Fig. 2a) , to analyze the expression of c-fos in response to this exposure. The remaining one mouse from each group was killed directly from the standard cages. The brain sections were immunostained with antibodies against BrdU (for progeny of dividing cells at the time of injections), NeuN (for neurons), and c-fos. All of the analyses were performed in the granule cell layer of the dentate gyrus.
First, we selected three sections (sections 3, 4, and 6) from each mouse and measured the density of BrdU ϩ /NeuN ϩ cells (new neurons). We found that the density significantly increased in groups 1-3 but not in group 4 [p Ͻ 2 ϫ 10 Ϫ6 in ANOVA; p Ͻ 0.03 for groups 1-3, p Ͼ 0.9 for group 4 against control in Fisher's least significant difference (LSD) test] (Fig. 2b,c) . The amount of increase was maximal in group 2, at more than twofold (control, 12.5 Ϯ 0.6 cells/10 6 m 3 ; group 2, 27.9 Ϯ 3.7 cells/10 6 m 3 ). In contrast, the density of BrdU ϩ /NeuN-negative (NeuN Ϫ ) (new non-neuronal) cells was not different between groups ( p Ͼ 0.6 in ANOVA) (Fig. 2c) . Thus, the increase in density of BrdU ϩ cells was specific to the neuronal population in groups 1-3. To examine the regional differences, we estimated the density of BrdU ϩ / NeuN ϩ cells in the suprapyramidal and infrapyramidal blades of each anteroposterior level (Fig. 2b,d , #1-#8), using the percentage of NeuN ϩ cells in the BrdU ϩ population from the three selected sections (sections 3, 4, and 6) and the density of BrdU ϩ cells measured from each section (sections 1-8). We found that the effects of enrichment were uniformly distributed along the anteroposterior axis in both blades ( p Ͻ 2 ϫ 10 Ϫ32 between groups; p Ͼ 0.07 for group ϫ section interaction in ANOVA; p Ͻ 1 ϫ 10 Ϫ10 in Fisher's LSD test for groups 1-3 against control) ( Fig. 2d) . For example, in group 2, the number of BrdU ϩ /NeuN ϩ cells was approximately doubled compared with that of the control group, in both blades of all sections. Next, we measured the density of BrdU ϩ /NeuN ϩ /c-fos ϩ cells (activated new neurons) in mice exposed to the enriched environment immediately before being perfused (n ϭ 9 mice) (Fig.  3a) . We found that the density of BrdU ϩ /NeuN ϩ /c-fos ϩ cells significantly increased in group 2 by more than twofold (control, 0.46 Ϯ 0.14 cells/10 6 m 3 ; group 2, 1.27 Ϯ 0.24 cells/10 6 m 3 , p Ͻ 0.03 in ANOVA; p Ͻ 0.004 in Fisher's LSD test) (Fig. 3b) but not in groups 1, 3, or 4 ( p Ͼ 0.15 against control group in Fisher's LSD test). The proportion of c-fos ϩ cells in the BrdU ϩ /NeuN ϩ population was not different between groups ( p Ͼ 0.9 in ANOVA) (Fig. 3c) . We also measured the proportion of c-fos ϩ cells in the total NeuN ϩ population (including BrdU ϩ and BrdU Ϫ cells) to examine the general activity of neurons in the dentate gyrus. We did not find any significant difference between groups ( p Ͼ 0.9 in ANOVA) (Fig. 3d) .
The increase in the density of BrdU ϩ /NeuN ϩ /c-fos ϩ triplepositive cells described above can be caused by an increase in the number of BrdU ϩ /NeuN ϩ cells expressing c-fos in either response to exposure to the enriched environment immediately before the animals were perfused or the basal condition without the exposure. We considered the latter possibility to be unlikely, because virtually no BrdU ϩ /NeuN ϩ /c-fos ϩ cells were found in mice killed directly from their home cages in the study by Jessberger and . Therefore, only one mouse per group was killed directly from its home cage to confirm no c-fos expression in the basal condition. However, we found a few BrdU ϩ / NeuN ϩ /c-fos ϩ cells in the suprapyramidal blade of a group 1 mouse, although no triple-positive cells were found in any other group. Because of the existence of BrdU ϩ /NeuN ϩ /c-fos ϩ cells, additional analysis was necessary to statistically examine the difference in c-fos expression in the basal condition. Therefore, we repeated the experiment using a separate group of 10 mice killed directly from their home cages 6 weeks after BrdU injections. Five of these mice were housed in a standard cage for 6 weeks (control group), and the other five mice were exposed to an enriched environment in the second week after BrdU injections (group 2). These mice were the same as those analyzed in the next experiment using Zif268, but different sections were examined with immunostaining for c-fos. Consistent with the previous result, the number of BrdU ϩ / NeuN ϩ cells was more than two times higher in group 2 than in the control group (control, 14.9 Ϯ 0.9 cells/10 6 m 3 ; group 2, 37.1 Ϯ 1.4 cells/10 6 m 3 ; p Ͻ 5 ϫ 10 Ϫ6 in two-sided t test). However, the number of BrdU ϩ /NeuN ϩ /c-fos ϩ was not significantly different between the control group and group 2 (control, 0.05 Ϯ 0.03 cells/10 6 m 3 ; group 2, 0.08 Ϯ 0.03 cells/10 6 m 3 ; p Ͼ 0.4 in two-sided t test). Thus, the c-fos expression level in new neurons was not different between groups in the basal condition without exposure to the enriched environment immediately before the animals were perfused.
Experience-specific increase in the number of activated new neurons
The increase in the number of activated new neurons that we observed in the first experiment may occur specifically in response to the same environment that they had been exposed to previously or the increase may be a nonspecific response to any experience that activates new neurons. To address this issue, we performed a second experiment to examine the number of activated new neurons responding to a different, recent experience (Fig. 4a) . As a different experience, exploration in a different environment may be straightforward. However, single-unit recording from the dentate gyrus in behaving rats showed that many active neurons during spatial exploration in one environment were also active during exploration in a different environment (Leutgeb et al., 2007) , indicating that exploration in different environments may not be different enough to generate different patterns of activity in the dentate gyrus. Therefore, we needed to choose a considerably different experience and decided to use the Morris water maze task. Fifty mice were injected with BrdU eight times over 4 d. Twenty-five of these mice were exposed to an enriched environment during the second week after BrdU injections, as had group 2 in the previous experiment. At 6 weeks after BrdU injections, 10 of these mice were reexposed to the same environment for 2.5-4 h (EE group) until they were perfused, 10 were trained on a hidden-platform version of the water maze task (EW group) and then kept for 90 min in a dark room until they were perfused, and the remaining five were perfused directly from their home cage (EC group). The other 25 mice were housed in standard cages until the day they were perfused. As with the EE, EW, and EC groups, 10 of these mice were exposed to the enriched environment (CE group), 10 were trained for the water maze task (CW group), and five were perfused directly from their home cage (CC group). In the water maze training, latency to reach the platform and swim speed were not significantly different between the CW and EW groups ( p Ͼ 0.3 in repeated-measures ANOVA) (supplemental Fig. 1a ,c, available at www.jneurosci.org as supplemental material), whereas path length was slightly, but significantly, shorter in the EW group than in the CW group ( p Ͻ 0.04 between groups in repeatedmeasures ANOVA) (supplemental Fig. 1b , available at www.jneurosci.org as supplemental material).
In this experiment, we performed immunostaining for another immediate early gene, Zif268, to examine whether the observed effect in the first experiment can be generalized among different immediate early genes. We analyzed one section (section 3) from each mouse using a confocal microscope (Fig. 4b) . Consistent with the previous experiments, the density of BrdU ϩ / NeuN ϩ was significantly higher in the enriched groups (EE, EW, and EC) than in the control groups (CE, CW, and CC) ( p Ͻ 2 ϫ 10 Ϫ9 , ANOVA; p Ͻ 2 ϫ 10 Ϫ5 for each pair in Fisher's LSD test) (Fig. 4c) . Also consistent with the first experiment, the density of BrdU ϩ /NeuN ϩ /Zif268 ϩ cells was higher in the EE group than in the CE group ( p Ͻ 0.0002, ANOVA for six groups; p Ͻ 0.004, Fisher's LSD test) (Fig. 4d) . However, the density of BrdU ϩ / NeuN ϩ /Zif268 ϩ cells was not different between the CW and EW groups or between the CC and EC group ( p Ͼ 0.90, Fisher's LSD test) (Fig. 4d) . Thus, the increase in BrdU ϩ /NeuN ϩ /Zif268 ϩ cells in those mice preexposed to an enriched environment occurred specifically in response to the experience in the same environment but not to a different experience. From a different point of view, the same data indicate that preexposure to an enriched environment suppresses Zif268 expression in new neurons in response to water maze training, because the density of new neurons was doubled in the EW group but the density of new neurons expressing Zif268 ϩ was not different between the CW and EW groups. Nonetheless, the difference in the proportion of Zif268 ϩ in the BrdU ϩ /NeuN ϩ population between the CW and EW groups as well as between CE and EE or CC and EC did not reach statistical significance ( p Ͻ 0.005 in ANOVA; p Ͼ 0.17 in Fisher's LSD test) (Fig. 4e) . Proportions of Zif268 ϩ in the NeuN ϩ population were not significantly different between the CE and EE, CW and EW, and CC and EC groups ( p Ͻ 4 ϫ 10 Ϫ5 in ANOVA; p Ͼ 0.8 in Fisher's LSD test) (Fig. 4f ) .
Long-term survival of mature new neurons is not dependent on continuous exposure to an enriched environment
In the third experiment, we examined whether the long-term survival of new neurons after 4 weeks was dependent on the animal's experience. It has been shown that the number of new neurons in mice housed in standard cages is stable from 4 weeks to at least 11 months after neuronal birth . However, it is not known whether the survival of new neurons rescued by exposure to an enriched environment is similarly stable when the environment is changed after new neurons mature. A similar question has been addressed using a hippocampus-dependent learning task, trace eye-blink conditioning (Leuner et al., 2004) . This study showed that the number of new neurons at 60 d after BrdU injection was higher in conditioned animals than in animals with unpaired stimuli. However, the difference between the conditioned and unpaired groups seemed to be much smaller at 60 d than at 30 d after BrdU injections, although comparisons between these numbers from different time points were not analyzed in that study. Therefore, we decided to examine whether continuous exposure to an enriched environment is required for the long-term survival of mature new neurons by comparing the density of new neurons at 4 weeks and at 4 months after the BrdU injections.
The experimental design is summarized in Figure 5a . Fifty mice were injected with BrdU eight times over 4 d. Twenty of these mice were housed in an enriched environment for 3 weeks from 8 to 28 d after BrdU injections. At 28 d after BrdU injections, 10 of these 20 enriched mice were perfused (4wkENR group). The other 10 were transferred to standard cages at 28 d after BrdU injections and perfused at 4 months after BrdU injections (4mE-C group). Ten mice were housed in standard cages and perfused at 28 d after BrdU injections (4wkCTL group). Ten mice were housed in standard cages and perfused at 4 months after BrdU injections (4mCTL group). Ten mice were housed in stan- dard cages until 28 d after BrdU injections and then housed in an enriched environment until they were perfused at 4 months after BrdU injections (4mC-E group). We analyzed one section (section 3) from each mouse using the confocal microscope. We found that the densities of BrdU ϩ / NeuN ϩ cells in the 4wkENR and 4mE-C groups were significantly higher than in the 4wkCTL, 4mCTL, and 4mC-E groups ( p Ͻ 5 ϫ 10 Ϫ11 , ANOVA; p Ͻ 0.00002, Fisher's LSD test) (Fig.  5b) , indicating that exposure to an enriched environment at 1-4 weeks after BrdU injections increased the density of BrdU ϩ / NeuN ϩ cells, consistent with the previous two experiments. There was no difference in the density of BrdU ϩ /NeuN ϩ cells between the 4wkENR and 4mE-C groups or among the 4wkCTL, 4mCTL, and 4mC-E groups ( p Ͼ 0.07, Fisher's LSD test) (Fig.  5b) . This result indicates that the density of BrdU ϩ /NeuN ϩ cells was stable regardless of housing conditions from 4 weeks to 4 months after BrdU injections, although we cannot completely exclude the possibility of survival regulation to a much smaller extent. Thus, at least for a majority of new neurons, regardless of whether or not they are rescued by exposure to the enriched environment during the critical period, their long-term survival does not seem to require continuous stimulation from the same environment that rescued the new neurons.
Discussion
A critical period for the effect of enriched environment on adult new neurons exists during their immature stage Consistent with a previous study (Kempermann et al., 1997) , we found that exposure to an enriched environment increases the number of new neurons. This same study suggested that this increase could be attributed to increased survival, but later studies have indicated that the enriched environment also affects cell proliferation (Kempermann et al., 1998; Kronenberg et al., 2003) . The increased proliferation may be particularly relevant in group 1, because large numbers of BrdU-labeled cells continue to divide for at least a few days after BrdU injections (Dayer et al., 2003) . However, because the number of new neurons was maximal in group 2, which was exposed to enrichment when proliferation is more limited (Dayer et al., 2003) , the major effect of the enriched environment likely resulted from increased survival but not from increased neuronal birth.
Our results indicate that as brief as 1 week of exposure to an enriched environment around the second week after neuronal birth is sufficient to increase both the survival of new neurons and the number of new neurons activated by reexposure to the same environment. However, neither a 1 week exposure during the fourth week nor long-term exposure after 4 weeks affected these measurements, indicating that a critical period for these effects exists during the first 3 weeks. The fact that exposure during the first and third weeks also substantially increased the number of new neurons suggests that the critical period may be relatively long, although a brief experience during the period may be sufficient to affect adult new neurons. Similar degrees of increase in the number of new neurons observed in extended (Kempermann et al., 1997) and 1 week exposures (Figs. 2c, 4c ) also support the existence of the critical period.
Although the mechanism of increased survival may not be the same, some forms of hippocampus-dependent learning tasks during this same period were reported to increase the survival of new neurons (Gould et al., 1999; Olariu et al., 2005) . A critical period for the survival of new neurons in the olfactory bulb, another region associated with adult neurogenesis, was found during the third and fourth weeks after neuronal birth (Yamaguchi and Mori, 2005) .
Experience-specific modification of neuronal activity in the dentate gyrus through adult neurogenesis We showed that increased numbers of new neurons responded to reexposure to an enriched environment after preexposure to the enriched environment during a critical period for those new neurons (Figs. 3b, 4d ). This increase may result in an increase in the number of activated neurons (including new and preexisting) if the number of activated preexisting new neurons is stable. However, we did not find a significant increase in the proportions of activated neurons in the total neuronal population in mice with preexposure (Figs. 3d, 4f ) . We do not know whether this is because a small increase was masked as a result of large variability in these data or because a decrease in the number of activated preexisting neurons compensated for the increase in the number of activated new neurons. The additional new neurons rescued in mice with the preexposure did not exist in mice without the preexposure, and it is unlikely that they have exactly the same patterns of synaptic connectivity as preexisting neurons that were active in mice without preexposure. Therefore, even if either possibility is true, preexposure to the enriched environment modifies population activity in the whole dentate gyrus by adult neurogenesis, in a way that different identities and/or numbers of neurons are activated.
Importantly, this functional modification caused by previous exposure to an enriched environment is experience specific (Fig.  4d) . Preexposure to the enriched environment increased the number of activated new neurons in response to recent exposure to the same environment but not to the water maze training. It is unlikely that this difference was caused by differences in nonspecific features of experience, such as stress level. If that were the case, then new neurons in mice both with and without preexposure should be similarly affected so that differences in the numbers of active new neurons between the CW and EW groups should remain. In addition, the comparable numbers of active new neurons between the CC and EC groups, which likely responded to some experience in the home cages, do not support the possibility that stress caused the observed effects. Thus, previous experience seems to specifically modify population activity in the dentate gyrus responding to an experience similar to a previous one but not to a considerably different one. This experience specificity suggests that the functional modification may reflect a change in the representation of previous experience in the dentate gyrus. To get a quantitative sense of this functional modification, we estimated that the proportion of activated new neurons changed from 4% (without preexposure) to 8% (with preexposure) of the total number of activated neurons (including old and new) in mice without previous exposure (for the estimation, see supplemental text 1, available at www.jneurosci.org as supplemental material). Thus, a 1 week exposure to an enriched environment might modify subsequent representation of the same environment in the dentate gyrus by changing the number and/or identity of activated neurons by 4%. Furthermore, if this change were cumulative, the dentate circuits could be modified more extensively over a longer period of time. Although these numbers may not be necessarily absolute, as discussed in supplemental text 1 (available at www.jneurosci.org as supplemental material), the present result is the first demonstration of the experiencedependent and -specific functional modification of dentate population activity through adult neurogenesis.
Additionally, the experience-specific regulation of responsiveness suggests changes in the connectivity of new neurons as a population, possibly mediated by the selective survival (Tashiro et al., 2006) and enhanced plasticity (Wang et al., 2000; SchmidtHieber et al., 2004; Zhao et al., 2006) of new neurons (supplemental text 2, available at www.jneurosci.org as supplemental material). In the olfactory bulb, similar odor-specific changes in responsiveness have been described (Magavi et al., 2005) .
Implications for the role of adult neurogenesis in learning and memory
The present results suggest a possible mechanism by which new neurons in the adult dentate gyrus might contribute to learning and memory. Previous experience affects new neurons and modifies the population activity responding to an experience in the same environment but not to a different experience. Thus, the representation of the environment in the dentate gyrus seems to be modified by a relatively brief experience in an experiencespecific manner. This functional modification may enable the dentate gyrus to store information related to the experience. Even 1 month later, this information could be retrieved by the reactivation of new neurons responding to an experience in the same environment. Considering the suggested role of adult new neurons in hippocampus-dependent forms of learning and memory (Shors et al., 2001 (Shors et al., , 2002 Bruel-Jungerman et al., 2005; Snyder et al., 2005; Winocur et al., 2006) , this experience-specific functional modification might be a mechanism by which new neurons play a critical role in information storage related to learning and memory.
An intriguing feature of this functional modification through adult neurogenesis is the existence of a critical period. The functional properties of the dentate gyrus are modified by the animal's experience in a way that new neurons within the critical period are specifically affected, suggesting that new circuits formed by these new neurons may be highly devoted to information related to the experience. Because different populations of adult new neurons are in the critical period at any given time, new circuits formed at different times should code different information depending on the animal's experience during their critical periods. At the same time, a population of new neurons having similar birthdates could associate previously independent information together. One possible function of this mechanism is the encoding of time in new memories, as proposed by Aimone et al. (2006) .
Another important feature of the functional modification is its long-term persistence, which suggests a long-lasting functional significance of these newly formed circuits. This finding is consistent with reports that, in some forms of hippocampusdependent task, not short-term (Meshi et al., 2006) but longterm memory is dependent on adult neurogenesis (BruelJungerman et al., 2005; Snyder et al., 2005) . One possibility is that the long-term existence of newly formed circuits by new neurons directly mediates long-term memory of events that occurred when the new neurons are immature. Another possibility is that adult neurogenesis improves the dentate representation during future experiences that are similar to the previous one. As suggested by the finding that a previous experience led to an experience-specific increase in the number of activated new neurons, the functional incorporation of new neurons may be the insertion of new computational units reflecting the previous experience during the critical period of the new neurons so that representation of the previous experience is specifically improved. This kind of experience-specific adaptive mechanism is probably beneficial for the animal's survival because it is likely that animals encounter situations similar to previously experienced important events.
Although the precise mechanism is still essentially unknown, the present study demonstrates, for the first time, experiencespecific functional modifications of the dentate circuits through adult neurogenesis. Additional investigation is warranted of whether this experience-specific modification has a long-lasting influence on the function of the dentate gyrus and, if so, how information stored in new circuits is involved in long-term cognitive function.
